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We report on an experimental test of the velocity and spin dependent exotic interaction that can be
mediated by new light bosons. The interaction is searched by measuring the force between a gold sphere
and a microfabricated magnetic structure using a cantilever. The magnetic structure consists of stripes with
antiparallel electron spin polarization so that the exotic interaction between the polarized electrons in the
magnetic structure and the unpolarized nucleons in the gold sphere varies periodically, which helps to
suppress the spurious background signals. The experiment sets the strongest laboratory constraints on the
coupling constant between electrons and nucleons at the micrometer range with f⊥ < 5.3 × 10−8 at
λ ¼ 5 μm.
DOI: 10.1103/PhysRevLett.124.161801
The search for spin-dependent exotic interactions has
been inspired by the physics beyond the standard model of
particle physics [1–3]. One such interaction was proposed
to be mediated by axions as first introduced by Moody and
Wilczek [4]. The axions were initially introduced to resolve
the strong CP problem [5–7] and now are considered as
possible compositions of dark matter in the Universe
[8–10]. Exchanging other hypothetical bosons, such as
arion [11], axial photon [12], and Majoron [13], can also
produce monopole-dipole or dipole-dipole interactions
between fermions. Within the framework of quantum field
theory, Dobrescu and Mocioiu classified the interactions by
exchanging spin-0 or spin-1 bosons into 16 types [14], and
15 types of them are spin dependent. Recently, the
coordinate-space nonrelativistic potentials were revisited
and classified by their types of physical couplings [15].
For the spin-dependent interactions, the effect of one
particle acting on another can be treated as an exotic
magnetic field acting on the other particle’s spin. Using the
spin as a sensor, one can detect the new interactions by
measuring the spin response to the exotic magnetic field,
such as in experiments with magnetometers [16–20],
trapped ions [21,22], nitrogen vacancy color center in
diamond [23,24], and neutron or polarized 3He atoms
[25–27]. A superconducting quantum interference device
was also used to probe the magnetization of paramagnetic
material induced by the exotic magnetic field [28–30]. On
the other side, the spin-dependent macroscopic force or
torque can be measured by using torsion balance or
cantilever [31–37].
In this Letter, we report an experimental test of a spin-
and velocity-dependent interaction between polarized elec-
trons and unpolarized nucleons described by an effective
potential
VðrÞ ¼ −f⊥
ℏ2
8πmec
½σˆ · ðv⃗ × rˆÞ

1
λr
þ 1
r2

e−r=λ; ð1Þ
where ℏ is Planck’s constant, c is the speed of light in
vacuum,me is the mass of electron, σˆ is the spin unit vector
of electron, v⃗ is the relative velocity between the electron
and nucleon, rˆ ¼ r⃗=r is an unit vector in the direction
between them, and λ ¼ ℏ=mbc is the interaction range with
boson mass mb. Here f⊥ is the dimensionless coupling
constant, which could be a combination of either the scalar
electron coupling (ges) and the scalar nucleon coupling (gNs )
for spin-0 exchange, or the vector electron coupling (geV)
and the vector nucleon coupling (gNV ) for spin-1 exchange
[14,37]. Previous experiments have been performed at the
range of millimeter or above [19,25,31,32]. Constraints at
the atomic scale were derived from the antiprotonic helium
spectroscopy [38] and helium fine-structure spectroscopy
[39] recently.
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Here we present an experimental search at the microm-
eter range by measuring the lateral force between a gold
sphere and a magnetic structure using a cantilever [see
Fig. 1(a)]. The magnetic structure consists of periodic
magnetic stripes. The magnetic stripes are magnetized in
alternately antiparallel directions. The lateral force (along
the x axis) is measured with the magnetic structures
oscillating as x ¼ x0 þ Ad cosð2πfdtÞ. The exotic inter-
action is then modulated to the high harmonics of the
driving frequency fd depending on the driving amplitude
Ad. This helps to separate the spurious signals from the
signal of interest in the frequency domain. Limited by the
travel range of the piezo, we choose to measure the sixth
harmonic component (F6fd ), whose complex form is
given by
F6fdðx0Þ¼−i
X∞
m¼1
2πfdAdIm½fðkmÞeikmx0 ½J5ðkmAdÞ
þJ7ðkmAdÞ; ð2Þ
where km ¼ m2π=Λ andΛ is the magnetic structure period,
fðkmÞ is the mth complex coefficient of the Fourier series
expansion of FðxÞ=v, and FðxÞ is the exotic force acting on
the sphere as a function of x. J5 and J7 are the Bessel
functions of order 5 and 7, respectively. It is interesting to
note that the signal at 6fd only has the imaginary part, as
the force is proportional to the relative velocity and thus to
sinð2πfdtÞ. This further helps us separate it from other
forces that only contribute to the real part, such as the
electrostatic, Casimir, and magnetic force. The oscillation
amplitude, Ad ¼ 24.0 μm, is chosen to maximize the signal
at 6fd. The driving frequency of 4.3 Hz is selected to be as
large as possible, but not too large to cause mechani-
cal noise.
The experiment was performed on a home-built scanning
probe microscope as described in Ref. [40]. Data were
collected using a silicon cantilever with a dimension of
430 μm × 46 μm × 540 nm. A gold sphere was glued to
the end of the cantilever. Thegold spherewasmade bymelting
high-purity gold wire (99.99% in purity, Goodfellow) with a
diameter of 10 μm. The effective spring constant of the
cantilever is determined to be 3.3ð3Þ mN=musing themethod
presented in Ref. [40]; its resonance frequency is measured to
be 426 Hzwith a quality factor of 6134. The noise floor of the
force sensor is∼13 fN=
ffiffiffiffiffiffi
Hz
p
at 6fd as derived from the noise
floor of the cantilever displacementmeasurement (Fig. 2). The
motion of the magnetic structure does not change the noise
floor of the measurement except for the peaks arising at fd,
2fd, and 3fd.
The magnetic structures were fabricated based on
64(2)-nm-thick Fe24Ni76 thin films deposited on silicon
substrate by magnetron sputtering. The film was protected
by a 5(2)-nm-thick copper layer on top. Two widths of
stripes were made by lithography and ion milling to achieve
different coercive fields [41]. The magnetic hysteresis of
the control samples with single-width stripes shows good
squareness, which implies the single magnetic domain
nature of the stripes. The magnetic structure consists of
one wide stripe and three narrow stripes in a single period
[see Figs. 1(b) and 1(c)]. This design is to balance the
magnetization of alternate polarization directions, thus
keeping the magnetic field in plane and close at the ends
of stripes. The finite element simulations show that the
magnetic force acting on the sphere by the magnetic
structure is on an order of 10−21 N, which is negligible
compared to the force sensitivity. To make the surface flat,
the gaps between the stripes were first filled with gold by
thermal evaporation, and then a 468(6)-nm-thick of hydro-
gen silsesquioxane (HSQ) was spin coated on the surface.
The surface was further coated with a 157(7)-nm-thick gold
to make it conductive and isoelectronic.
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FIG. 1. (a) Schematic drawing of the experiment. Dimensions
are not in scale. The arrows indicate the spin-polarization
directions. The golden stripes are gold filled inside the gaps
between the magnetic stripes. (b) Optical image of the structure
after refilling the gaps with gold by thermal evaporation. (c) The
scanning electron microscopy image of the cross section of the
magnetic structure. From bottom to top, they are the silicon
substrate, periodic magnetic structure, HSQ layer, and Au
coating.
FIG. 2. Cantilever displacement spectral density measured with
or without the magnetic structure oscillating. The thermal noise
of the cantilever is also plotted.
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Figure 3 shows the magnetic hysteresis of the magnetic
structure measured with a vibrating sample magnetometer
(VSM). Because of the magnetic shape anisotropy, the
wider stripe with a width of 5.92ð1Þ μm has a smaller
reverse field Hcw ¼ 7 Oe, whereas the narrower stripe with
a width of 2.02ð1Þ μm has a larger reverse field
Hcn ¼ 14 Oe. In the full hysteresis loop, a magnetic field
larger than 30 Oe can magnetize both stripes to the same
direction (↑w↑n). The magnetization of the wide stripes
starts to reverse when the field decreases to −7 Oe. The
plateau around −13 Oe indicates a nearly complete
reversion of the wide stripes (↓w↑n), and then the narrow
stripes start to reverse their magnetization when the field is
below −14 Oe. A field below −30 Oe can magnetize both
stripes to the reverse direction (↓w↓n).
Prior to the experimental runs, we prepared the magnetic
structure to the antiparallel state (↓w↑n) by sweeping the
magnetic field from 60 to −14 Oe and then to 0 Oe (solid
diamonds in Fig. 3). The antiparallel state was verified by
measuring the hysteresis from zero field after all exper-
imental runs (solid circles in Fig. 3). We can see that the
magnetic moment at zero field is close to the value when we
prepared the state, which demonstrates that the antiparallel
state has been maintained through the experiments. The
magnetic moment is slightly above the initial value, due to
possible relaxation of the magnetic moments around the
edges and ends of the wide stripes.
Two dimensional (2D) maps of the force signal (F6fd )
have been measured with the gold sphere at a certain
distance away from the magnetic structure. The real and
imaginary components were obtained by fast Fourier
transformation (FFT) of 20-s-long data recorded at every
equilibrium position (x0, y0) when the magnetic structure
was oscillating about it. Data have been taken at four areas
across the surface with a lateral distance up to several
hundreds of micrometers. All maps show similar character-
istics as presented in Fig. 4. The maps of the real parts show
some pattern whose contrast decreases with distance. The
pattern is similar to what we observed in Ref. [40], which is
mainly due to the patch electrostatic effect. Fortunately, for
the type of the interaction we are looking for, the signal
appears only in the imaginary part, according to Eq. (2). In
contrast to the real parts, the maps of the imaginary parts
show nearly white noise background with standard
FIG. 3. Magnetic moment measurement with VSM. The arrows
denote the magnetic field sweep directions. Solid diamond, state
preparation prior to the experimental runs; solid circle, state
verification after all the experimental runs, full magnetic hyste-
resis was measured afterward.
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FIG. 4. 2D maps of the real part of the force signal were measured at distances of (a) 0.96, (b) 1.17, (c) 1.31, and (d) 2.38 μm. Their
corresponding imaginary parts are presented in (e)–(h). Each pixel represents a measurement at an equilibrium position (x0, y0). The
standard deviation of each map is indicated in the lower right corner. The image size is 45 × 49 μm, and the horizontal direction is along
the x axis.
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deviation close to the noise floor of the sensor with a 20 s
integration time (∼3 fN). The standard deviation at the
distance of 0.96 μm is slightly higher than the others,
probably due to a fractional contribution from the increased
real components as a result of the initial phase error in FFT
calculations. In general, we observe no periodic pattern as
expected for an exotic interaction, and thus no such
interaction should exist to the level of current experimental
precision.
To set constraints on the coupling strength of the exotic
interaction, we analyze the data with maximum likelihood
estimation [40]. The probability density of observing the
2D map is calculated as a function of the position offset x00
and the coupling strength f⊥ for every λ according to
Pðx00; f⊥; λÞ ¼
1
A
Y
i;j
1ffiffiffiffiffi
2π
p
σij
e−½F
exp
ij −F
T
ijðf⊥;λÞ2=2σ2ij ; ð3Þ
where A is the normalization coefficient, Fexpij , F
T
ijðf⊥; λÞ,
and σij are the measured value, theoretical value, and
measurement error at pixel (i, j), respectively. The meas-
urement errors are mainly contributed from the noise floor
of the force sensor. For every λ, the theoretical values are
calculated using Eq. (2), where FðxÞ=v are first calculated
and then its Fourier coefficients fðkmÞ are calculated both
numerically. The experimental parameters used for the
calculation are listed in Table I. Conservatively, we use the
1σ bound values of the experimental parameters to obtain
smaller theoretical values for certain f⊥. The probability as
a function of f⊥ is obtained by integrating out x00, and then
the up-bound of f⊥ at 95% confidential level is derived for
every λ.
For simplicity, we assume that the coupling constants are
identical for protons and neutrons, and the nucleon density
is calculated from the density of pure gold (19.3 g=cm3).
The electron spin density ρw;n of the stripes are estimated
from the magnetic measurements, which are given by
ρw;n ¼
Mw;nrso
μB
; ð4Þ
where rso is the fractional ration of the spin to all magnetic
moments, μB is the Bohr magneton, and Mw;n is the
magnetization of the wide and narrow magnetic stripes
in the antiparallel state. We use the magnetic measurement
data collected after the experimental runs for the estimation
and reasonably assume that the magnetization is saturated
for the narrow stripes based on the measurements on the
control samples of single width. On the other hand, the
measured magnetization is contributed from both the spin
and orbital magnetic moments of Fe and Ni atoms. The
fraction of the spin moments is estimated to be 94% based
on the data presented in Ref. [42].
The constraints on the coupling constants are derived
from the data with a distance of 0.96 μm and are plotted in
Fig. 5 in comparison with previous results. This Letter sets
the strongest laboratory constraints on the interaction
between electrons and nucleons at interaction range below
∼400 μm, which corresponds to a mediated boson mass
above 50 μeV. Above that range, the strongest constraints
are set by the experiment with a spin-exchange relaxation-
free magnetometer [19]. Other experimental constraints
have been obtained on the interaction between neutrons and
nucleons from the neutron precession measurement [25]
and on the interactions between electrons and electrons,
and between electrons and antiprotons from the atomic
spectroscopic measurements [38,39]. The strongest con-
straints are still set by a combination of ges derived from the
stellar cooling rate [43] and gNs from recent experimental
tests of the hypothetical Yukawa interactions [44–46].
However, the astrophysical bounds on ges may suffer from
various uncertainties [47].
In conclusion, we have performed an experimental test
on the spin- and velocity-dependent exotic interaction and
obtained the strongest laboratory constraints on the elec-
tron-nucleon interaction below ∼400 μm. To modulate
the signal of interest and reduce the normal magnetic
TABLE I. Mean values and uncertainties of the main exper-
imental parameters.
Parameter Value Error Unit
Sphere radius 12.26 0.03 μm
Period of structure 20.46 0.08 μm
Width of the wide stripe 5.92 0.01 μm
Width of the narrow stripe 2.02 0.01 μm
Fe24Ni76 thickness 64 2 nm
Spin density of the wide stripe 6.3 0.7 1028=m3
Spin density of the narrow stripe 8.8 0.3 1028=m3
Distance 0.96 0.04 μm
Drive amplitude 24.0 0.2 μm
FIG. 5. Constraints on the dimensionless coupling constants
f⊥. Results from previous experiments are also included
[19,25,38,39,43].
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force, a periodic magnetic structure with alternative spin
polarizations has been used. This method would be
valuable for future search for the spin-dependent inter-
actions. The experimental sensitivity is currently limited by
the noise floor of the force sensor, which is instead limited
by the displacement measurement sensitivity of the inter-
ferometer. Except for the improvement of the force sensi-
tivity, future improvements could be achieved by using
larger relative velocity through improving the mechanical
stability of the measurement setup.
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